and the UK Science Centre, IBM, Winchester ABSTRACr A method of optical mapping has been developed that allows the shape and motion of the chest wall to be studied in recumbent patients. It uses a single camera at a fixed viewpoint to determine the three dimensional coordinates of the visible surface of the body, and hence to measure the volume and shape of the visible segment. Measurements on different test objects (volumes 228-7807 ml) in different positions suggest a reproducibility of volume measurement of +26 ml (SD) and a maximum volume error of 150 ml. Studies of computed tomography scans in inspiration and expiration show that it should be possible to capture 97% of respiratory motion by this method. The mean difference between optical and spirometric measurements of expired volume in six subjects was 0-25 (SD 0.2) 1. Within subject systematic errors of up to 10% were noted. The mean deviation about the regression line of optically measured expired volume on spirometric expired volume varied from 68 to 243 ml in the six subjects (mean 131 (SD 92) ml). To examine the potential of the optical technique, for rapid data acquisition it was used to construct a 24 point flow volume loop from a normal subject.
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In the previous paper (p 93) we have described an optical technique for mapping the size and shape of the thoracoabdominal wall and the manner in which it changes with breathing in upright people.' The method requires the projection and interpretation of contour lines on the front and back of the torso. This paper describes the extension of that method to people who can be studied only lying down. In principle, the recumbent patient is placed in a field of light contours in such a way that the visible surface of the torso can be illuminated and filmed, by a still or video camera, from a single point of view. 
Method

PROJECTION OF THE PATTERN
When the pattern is projected it is distorted by the surface of the body and defines its shape. It is important to be certain that the lenses of the system do not introduce distortion of their own. To check this we projected the pattern from each projector on to a vertical board at the optical centre and then at 10 cm in front and behind it. The position of 40 contours was marked and their distance from the optical reference plane measured in the midline and also 15 cm either side of it. The mean variation over the whole field of projection, from both projectors, was 0-06 mm.
CAPTURE OF THE IMAGE
The overhead camera is also obliged to be close to the patient, and thus has a lens of short focal length that could introduce some distortion. To assess this we placed a flat and accurately known chequerboard pattern on the optical reference plane and photographed it. The image was projected on to a digitising (table 2) . To assess the effect of changing an object's vertical position within the reference frame the volume of the same (maximum) visible segment was calculated with the sphere placed at eight different heights above the reference plane. The mean volume was 4468 ml and the standard error 16 ml (SD 1%).
LIMITATIONS IMPOSED BY A SINGLE FIELD OF VIEW
When patients lie down, the area of body surface in contact with the bed is out of sight but almost stationary. Seen from a single site above, other parts of the surface close to the bed, though mobile, are also out of view because body curvature conceals them. Inevitably these two sources of uncertainty introduce some errors into the calculation of respiratory motion. To determine these we studied 95 pairs of computed tomography (CT) sections of the torso taken in full inspiration and full expiration, at different levels from the sternal notch to the iliac spine. Records from one norma-l subject and seven patients with common lung disorders were used. None had chest wall abnormalities. The inspiratory and The results of 40 measurements show overall An optical method ofstudying the shape and movement of the chest wall in recumbent patients agreement. The mean difference between optical and spirometric measurements of expired volume was 025 (SD 0.21) 1, but the error of single estimates was as high as 10o-that is, 600 ml in a vital capacity of 6 1 (fig 2a) . The physical studies quoted in the previous section suggest that an error of this magnitude cannot be accounted for by the system itself and there ought to be some other explanation. When the measurements of expired volume within each individual are examined (fig 2b) the mean deviation of observations about the regression lines for each individual is small, the mean for the six subjects being 131 (92) ml. The origins of the systematic differences between one subject and another are not yet clear. We considered that they might be related to the degree of shadowing of the torso, but we could find no correlation between the area of the surface in shadow and the error in the optical estimate of volume change. The temporal resolution of this technique is set by the rapidity with which the image can be captured. Currently we are limited to four frames a second with the 35 mm camera. To examine the potential of more rapid data acquisition we constructed an optically derived, maximal flow volume loop from a normal subject, who was chosen for his ability to perform this manoeuvre reproducibly. The camera was set to fire as rapidly as possible and ran from before the beginning of the manoeuvre until its completion. The expiratory manoeuvre was completed three times with the camera firing at the same rate but with a staggered start. A sequence of photographs during inspiration was taken in exactly the same way. The volume of the trunk in each image was calculated and the time from the beginning of the manoeuvre determined from a digital clock, visible in the photograph. The incremental change in volume with time was plotted as flow against expired volume. Sixteen points were obtained on the expiratory limb and eight on the inspiratory limb. The optically derived flow volume loop was compared with the standard loop obtained from a pneumotachygraph and integrator (fig 3) . The two loops have similar profiles but there is a 5% underestimate in the vital capacity. The change of optical chest volume precedes air flow, especially at the beginning of the manoeuvre. This is consistent with the compression of gas within the chest that occurs before expulsion. The discrepancy between trunk volume change and expired volume is a potential measure of alveolar pressure.
Discussion
The uses of optical techniques in medicine and industry have recently been reviewed by Duncan and Mair3 and their application to the chest by Peacock et al.' This paper has reported an optical mapping procedure capable of describing the shape and motion of the thoracoabdominal wall in recumbent patients. It suggests that a single overhead camera can recover the coordinates of any point on the visible surface of the torso with accuracy. Evidence from work on a model torso indicates that it can assemble the information from a series of points on the surface and calculate the contained volume with a reproducibility of ±26 ml (SD) and a maximum error of +150 ml. Estimates from computed tomography scans of patients suggest that a single overhead camera can capture 97% of respired motion. Direct measurement on supine subjects shows that it can determine variations in respired volume within individuals with a mean accuracy of ±131 (SD 92) ml.
There is, however, a systematic error of up to ± 10% in the measurement of respired volume, which varies from one individual to another and which is not apparent in measurements of the volume of physical objects. There are several possible explanations for this. The simplest is suggested by the computed tomography scans-namely, that there is a variation of up to 5% in the capture of respired motion from a single point of view. There could, however, be contributions from other sources, such as the uncertainty introduced by shadows on the surface of the visible segment-for example, between the breasts and in the supraclavicular fossae. The extent of this contribution is not clear but is probably small since we could find no correlation between the area of surface in shadow 
